A spin cluster glass behavior and a complicated exchange bias effect are observed in high quality BiFeO 3 nanocrystals grown by a hydrothermal method. The dynamic properties of the spin clusters investigated by measuring the frequency dependences of ac susceptibility show that the relaxation process can be described using a power law with the glass transition temperature T g = 57 K, relaxation time constant τ 0 = 4.4 × 10 −10 s, and critical exponent zv = 10.3 ± 1.9, consistent with a three-dimensional Ising spin glass. The exchange bias field (H EB ) varies non-monotonically with temperature and achieves a minimum at T g . The abnormal shift of hysteresis loops above T g may be interpreted in terms of a Malozemoff's random-field model with a framework of antiferromagnetic core/spin-cluster shell structure and a two-dimensional diluted antiferromagnet in a field (2D-DAFF) model, respectively. The exchange anisotropy of the BiFeO 3 nanocrystals will shed light on a possible application for magnetism related nanosized devices.
Introduction
In the last decade, magnetoelectric multiferroics have attracted considerable attention due to their technological and fundamental importance [1] [2] [3] [4] . BiFeO 3 (BFO) is a representative multiferroic material with ferroelectric (FE) Curie temperature (T C ) around 1100 K and antiferromagnetic (AFM) Néel temperature (T N ) around 640 K [5, 6] . In both BFO thin films and single crystal, switching of the antiferromagnetic domain can be induced by an electric field [7] [8] [9] , which opens the door for its practical applications in spintronics devices, data storage, and magnetic sensors.
Although the electrical manipulation of local magnetization is achieved in ferromagnetic/BFO bilayers through a combination of exchange bias (EB) and magnetoelectric coupling effects [10] [11] [12] [13] [14] , the G-type AFM ground state with a long-range cycloidal spiral makes it difficult to achieve magnetic control of the multiferroic in single phase bulk BFO. Fortunately, it has been reported that nanorization can be an effective way to introduce a ferromagnetic order in the BFO system, due to the increase of uncompensated spins and suppression of helical order which comes from a reduction of size scales [15, 16] . Therefore, it is of importance to study nanocrystalline BFO with enhanced ferromagnetism for practical applications.
It has been reported that low-dimensional BiFeO 3 samples with various morphologies, such as nanoparticles [16] , nanofibers [17] , nanotubes [18] , and so on, show a weak ferromagnetism (FM) at room temperature and a spin-glasslike behavior at low temperature [16, 19] . In particular, the magnetic hysteresis loops of BFO nanoparticles show exchange bias at room temperature because of spin pinning 0957-4484/11/385701+08$33.00at the FM/AFM interfaces [16, 20] . However, the exchange bias in BFO nanoparticles is quite different from that of some other magnetic nanosystems in which the exchange bias occurs only below the spin glass (SG) transition temperature [21] [22] [23] . Recently, a surface layer different from the bulk of BFO has been found, which shows an elongated out-of-plane lattice parameter (tensile strain of 0.7%) in the region of the topmost few nanometers, and it may induce an exchange bias effect [24] . Although there are some investigations on magnetic properties of BFO, the dynamic behavior of the spinglass-like transition and the exchange bias effect, which may be very important in understanding the magnetic structure of nanosized BFO samples, are still not very clear.
In this work, we systematically investigate the magnetic properties of pure phase BFO nanocrystals fabricated by an improved hydrothermal process. A spin cluster glass (SCG) transition near 60 K and an abnormal temperature dependence of the exchange anisotropy are found, and the possible origin of exchange bias in this system is discussed.
Experimental procedure
The BiFeO 3 nanocrystals used in this work were prepared by a hydrothermal synthesis method. All chemicals were of analytical grade and used without further purification. An aqueous solution of 10 ml was first prepared by dissolving 0.5 mmol Bi(NO 3 ) 3 ·5H 2 O, 0.5 mmol Fe(NO 3 ) 3 ·9H 2 O, 0.5 mmol sodium lauryl sulfate (SDS) and 1 ml nitric acid in distilled water. Then, ammonia solution was slowly added to the above solution to co-precipitate Bi 3+ and Fe 3+ ions by constant stirring until the pH value was adjusted to 9-10. The reaction products obtained were collected by centrifugation, and rinsed with distilled water several times, then mixed with 18 ml KOH solution (12 M). The suspension solution was transferred to a stainless steel Teflon-lined autoclave of 25 ml capacity. The reaction was performed by heating the autoclave at 200
• C for 5 h. After it had cooled to ambient temperature naturally, the final products were collected by centrifugation, washed several times with distilled water and ethanol, and dried at 120
• C for 6 h in air. The structure of the synthesized BFO nanocrystals was recorded with an x-ray diffractometer (Rigaku D/MaxrA with Cu Kα = 1.5418Å). The morphology and microscopic structure of the BFO nanocrystals was examined by scanning electron microscopy (SEM, JEOL-6700) and high-resolution transmission electron microscopy (HRTEM, JEOL-2010). Differential thermal analysis (DTA) of the samples was performed in an SDT Q600 and a TGA Q5000 (TA Instruments) to study the high temperature phase transitions of the as-synthesized BiFeO 3 . The measurements for ac susceptibility were performed using a superconducting quantum interference device (SQUID, MPMS, Quantum Design) magnetometer in an ac magnetic field of 3.8 Oe.
The dc magnetization measurements were carried out using a SQUID-VSM (SVSM, Quantum Design). All the M-H loops were measured under ±50 kOe magnetic field. To measure the thermoremanent magnetization (TRM), the sample was first cooled down from 400 K to a target temperature under , then the applied field was removed and subsequently the remanent magnetization was measured. For the isothermoremanent magnetization (IRM), the sample was first cooled down from 400 K to a target temperature in a zero field, after that a magnetic field was applied and then removed, thereafter the remanent magnetization was measured immediately. To investigate the phase transitions of the nanosized BFO sample, differential thermal analysis and dc magnetization measurements were carried out. In figure 3 , a Néel temperature of about 640 K for the sample is obtained by thermogravimetric analysis (TGA) measurement with (red line) or without (black dotted line) a low magnetic field whose direction is vertically downward. The inset of figure 3 shows an enlarged views of the DTA data in the temperature range 1020-1220 K. Three endothermic peaks are located at 1064 K, 1128 K and 1193 K, which may correspond to a first order α-β (rhombohedral phase to orthorhombic phase, ferroelectric to paraelectric) transition, a weak first order β-γ (orthorhombic phase to cubic phase, insulator to metal) transition and a peritectic decomposition process, respectively [25] [26] [27] . Figure 4 shows the temperature dependences of the dc magnetizations in zero field cooled (ZFC) and field cooled (FC) modes from 2 to 400 K in a field of 10 Oe. The ZFC curve shows a peak near T p ∼ 60 K and an obvious separation from the FC curve below T p , suggesting a spin cluster-glass-like behavior at low temperatures. Moreover, the magnetization curves are irreversible until near 400 K, which means that there remain a number of uncompensated spins contributing to the magnetization at relatively high temperatures. In order to confirm the spin cluster-glass-like behavior, it is necessary to investigate the magnetically dynamic properties of the nanosized BFO at low temperatures. Figure 5(a) shows the temperature dependences of the real part χ of the ZFC ac Let us analyze the relaxation process phenomenologically. According to the superparamagnetic Néel model, the relaxation process is expected to follow the Arrhenius law [28] :
Results and discussion
where τ 0 is the relaxation time constant, E a is the anisotropy energy, k B is the Boltzmann constant. Although equation (1) can be used to fit the relaxation time data, see figure 5 (b), the fitting results with E a /k B ≈ 4465 ± 113 K and τ 0 ≈ 10 −31 s are meaningless. This demonstrates that the BFO nanocrystal is not a Néel SPM system (for a superparamagnetic relaxation, τ 0 is about 10 −10 -10 −13 s, which depends on the gyromagnetic precession time [29] ). In fact, the temperature dependence of the relaxation time τ can also be fitted using Vogel-Fulcher and power laws, as shown in figure 5(b) . For the Vogel-Fulcher law [30] where T VF is the Vogel-Fulcher characteristic temperature [31] . The best fit of τ (T ) data to equation (2) yields E a /k B = 304 ± 62 K, T VF = 49.8 ± 1.4 K, and τ 0 = 5.9 × 10 −10 s. Meanwhile, for a power law [32] 
where T g is the glass transition temperature (the static freezing temperature), v is the critical exponent which describes the growth of the correlation length, and z is the dynamic exponent which describes the slowing down of the relaxation. An excellent fit to the power law is obtained with T g = 57.0 ± 1.1 K, τ 0 = 4.4 × 10 −10 s and zv = 10.3 ± 1.9. The value of zv is consistent with that of three-dimensional Ising spin glasses [31, 33] . The fitting results by both the VF law and the power law are similar to what has been observed for other spin glasses [34, 35] . Moreover, the relatively large value of τ 0 indicates the relatively strong coupling interaction of the uncompensated spins and the formation of nanosized spin clusters [36] . It provides powerful evidence that the magnetic behavior at low temperatures is closely related to a spin cluster glass transition for the nanosized BFO particles. Figure 6 (a) shows the temperature dependences of the real part χ of the ZFC ac susceptibility for the BFO nanocrystals at 1 Hz in different dc magnetic fields. The peak position T f and the peak height in χ (T ) decrease with increasing dc fields, which is also in agreement with the results in other nanosized systems [37] [38] [39] . In ordinary SG systems, the variation of T f with magnetic field follows the De Almeida-Thouless (AT)-type phase boundary as [40] 
In figure 6 (b), the fitting result obeys the AT line well at low fields and deviates with further increasing fields, which is similar to the results in BFO thin films grown on SrTiO 3 (111) [41] . The satisfaction of the AT line for the freezing temperature can further verify the cluster glass state in the BFO nanocrystals. It should be pointed out that the dynamically magnetic property of the SCG in our nanosized BFO system is different from that observed in the single-crystal BFO reported by Singh et al (τ 0 = 10 −4 s and zv = 1.38) [42] , and our situation is more similar to other magnetic nanosystems with surface spin-glass layers in which strong exchange anisotropy has usually been observed [43] [44] [45] [46] . Hence, it is very interesting to investigate the exchange bias in BFO nanocrystals. Figure 7 shows the M-H loops for the sample with both ZFC and FC (H FC = 50 kOe) processes at 300 and 2 K. (The sample is cooling from 400 K to the target temperatures in the FC mode.) One can see that the FC hysteresis loops shift toward the negative field and the positive magnetization, while in the ZFC process the loops are still centered about the origin. Usually, the shift is denoted by an exchange bias field defined as H EB = |H 1 + H 2 |/2, and coercivity defined as H C = |H 1 − H 2 |/2, where H 1 and H 2 are the left and right coercive fields, respectively [47] . It should be mentioned that the field cooling process adopted in our present work is not a conventional FC, because the T N of the BFO nanocrystals is much higher than 400 K. So the exchange anisotropy established without a conventional FC in this system may be related to a spontaneous EB effect [48] . Figure 8 shows the temperature dependences of H EB and H C with a cooling field of 50 kOe. With increasing temperature, both H EB and H C decrease sharply at first, and reach their minima near T g . Above T g , H C increases monotonically as the temperature further increases to 300 K, but H EB increases with increasing temperature from 60 to 240 K and then decreases again above 240 K. As we know, at a temperature below T g , the surface spin clusters are frozen with a preferred orientation, and coupled with the AFM core, then exchange bias is achieved within the framework FM-like cluster glass shell/AFM core. According to a random-field model proposed by Malozemoff, H EB can be expressed as [49, 50] 
where Z is the number of the ordered unity, A and K are the exchange stiffness and the uniaxial AFM anisotropy energy, M FM and t FM are the magnetization and the thickness of the FM. Therefore, the decrease of H EB and H C with increasing temperature from 2 K to T g is due to the weakening of the uniaxial anisotropy energy (K ) of the AFM as well as the interface coupling between the SCG shell and the AFM core as the thermal fluctuations increase.
A very important behavior is that H EB does not vanish above T g , presenting a difference from other nanosized systems [21, 47] . The abnormally enhanced H EB above T g may be related to the following two aspects. (i) There are still tiny clusters of ferromagnetically coupled spins forming at the surface of the AFM core, and the weak FM clusters can be partly stabilized by the exchange coupling interaction with the AFM core to resist the thermal fluctuations [51] . With increasing temperature from T g , the stronger thermal fluctuations not only weaken the uniaxial anisotropy energy of the AFM, but also shrink the magnetization and volume of the FM clusters (see the FC data in figure 4) , and thus the overall effect can cause the increase of H EB in the temperature range from T g to 240 K according to equation (5) by taking the mean diameter of the clusters as t FM . But above 240 K, the weakened AFM anisotropy has played a primary role on the decreasing H EB as temperature further increases. The variation of coercivity field H C above T g , according to the perpendicular domain model for coercivity enhancement via FM domain wall pinning, can be expressed as [52] [53] [54] H C ∝ 1/t 1.5 FM . Thus the coercivity increases with the volume decrease of the FM clusters at the nanocrystal surface as the sample is heated from T g to room temperature.
(ii) The abnormal shift of the FC hysteresis loops above T g is also probably related to the magnetic behavior of the broken AFM domains at the nanocrystal surface which can be regarded as a two-dimensional diluted antiferromagnet in a field (2D-DAFF) recently proposed by Benitez et al [55] . The frozen-in net magnetic moment from AFM domains in the DAFF shell is responsible for the FC hysteresis loop shift [56] . In order to confirm the existence of the DAFF shell, we measured the magnetic field dependent thermoremanent and isothermoremanent magnetizations (TRM and IRM) of the BFO nanocrystals at 300, 100 and 10 K, as shown in figure 9 . One can see that the TRM/IRM plots at 300 and 100 K are similar to those of Co 3 O 4 nanowires whose shells behave as a DAFF, while the plot at 10 K is comparable with the features of the spin-glass system AuFe(0.5%) [55, 56] . The field dependences of the TRM data at 300 and 100 K can be fitted by a power law, namely, TRM ∝ H ν with ν = 0.69 ± 0.02 at 300 K and ν = 0.85 ± 0.02 at 100 K. It should be pointed out that ν < 1 indicates that the surface of the BFO nanocrystals is of the 2D-DAFF type above T g [55] . The reduction of the TRM value at 300 K as compared with the case at 100 K implies that the net moments frozen in the diluted antiferromagnetic surface decrease with increasing temperature. However, as temperature increases from T g to 240 K the paramagnetic component from the de-freezing SCG decreases with the enhancement of thermal fluctuations, which may cause an increase of the nominal H EB and H C [57] . (The M-H curve can be shifted more obviously on decreasing the paramagnetic component because the raw M-H data measured in this weak magnetic system are the superposition of a centrosymmetric paramagnetic signal and a shifted hysteresis loop caused by exchange bias or DAFF.) For temperatures above 240 K, if the paramagnetic moments decrease slowly as well as the diluted AFM domains at the surface becoming more thermally activated, the decrease of the net moments frozen in the DAFF shell dominates the process, leading to a reduction of H EB . In addition, there might be a coupling effect between the frozen-in net magnetic moment in the DAFF shell and the AFM core, which may also cause an exchange bias. However, it has been argued that the shifted FC hysteresis loops in DAFF may not be considered as an intrinsic exchange bias [56] . Therefore, the mechanism of the complex exchange bias observed in BFO nanocrystals needs further investigation in more detail. Figure 10 shows the training effect for the sample at 300 and 2 K. The consecutive hysteresis loops are measured after field cooling in 50 kOe, and H EB can be well fitted using the recursive expression [58] where n ( 1) labels the number of loops, H EB (∞) is the exchange bias field in the limit of infinite loops, γ is a system dependent constant. The fitting parameters are H EB (∞) = 39.2 Oe, γ = 5.82 × 10 −5 Oe −2 for 300 K and H EB (∞) = 17.1 Oe, γ = 3.05 × 10 −5 Oe −2 for 2 K. The training effect of the BFO nanocrystals is due to the instability of the spin structure with each magnetization reversal [59] . Figures 11(a) and (b) show the cooling field dependences of the exchange bias/coercive field at 300 K and 2 K, respectively. At room temperature, the monotonic enhancement of H EB with increasing cooling field can be ascribed to the increase of uniaxial anisotropy along the cooling field direction, while for the scenario at 2 K, the non-monotonic H FC dependence of H EB may be due to the multi-valley energy structure and multiple equivalent spin configurations of the spin cluster glass state [60, 61] .
Conclusions
In summary, the dynamic properties of spin cluster glass and the exchange anisotropy in pure phase BiFeO 3 nanocrystals prepared by a hydrothermal method have been systematically investigated. The analysis for the spin cluster glass state using a power law yields the glass transition temperature T g = 57 K, relaxation time constant τ 0 = 4.4 × 10 −10 s, and critical exponent zv = 10.3 ± 1.9, which are consistent with the values for three-dimensional Ising spin glasses. The exchange bias observed in the BFO nanocrystals shows a non-monotonic temperature dependence, which can be described by a random field model as well as a 2D-DAFF model with consideration of the spin cluster glass state and thermal fluctuations.
